Background: RhoGTPases have been implicated in the regulation of cancer metastasis. Invasive carcinoma cells form invadopodia, F-actin-rich matrix-degrading protrusions that are thought to be important for tumor cell invasion and intravasation. Regulation of actin dynamics at invadopodial protrusions is crucial to drive invasion. This process requires the severing activity of cofilin to generate actin-free barbed ends. Previous work demonstrates that cofilin's severing activity is tightly regulated through multiple mechanisms, including regulation of cofilin serine phosphorylation by Rho GTPases. However, it is not known which Rho GTPase is involved in regulating cofilin's phosphorylation status at invadopodia. Results: We show here, for the first time, how RhoC activation is controlled at invadopodia and how this activation regulates cofilin phosphorylation to control cofilin's generation of actinfree barbed ends. Live-cell imaging of fluorescent RhoC biosensor reveals that RhoC activity is spatially confined to areas surrounding invadopodia. This spatiotemporal restriction of RhoC activity is controlled by ''spatially distinct regulatory elements'' that confine RhoC activation within this compartment. p190RhoGEF localizes around invadopodia to activate RhoC, whereas p190RhoGAP localizes inside invadopodia to deactivate the GTPase within the structure. RhoC activation enhances cofilin phosphorylation outside invadopodia. Conclusion: These results show how RhoC activity is spatially regulated at invadopodia by p190RhoGEF and p190RhoGAP. RhoC activation in areas surrounding invadopodia restricts cofilin activity to within the invadopodium core, resulting in a focused invadopodial protrusion. This mechanism likely enhances tumor cell invasion during metastasis.
Introduction
The steps of invasion and intravasation during metastasis require tumor cells to degrade through dense basement membrane barriers. To accomplish this process, tumor cells are believed to form invadopodia, F-actin-based membrane protrusions with matrix metalloproteinase activity to degrade the extracellular matrix [1] [2] [3] . Invadopodia are enriched in proteins that regulate the actin cytoskeleton, including cortactin, cofilin, Arp2/3, and N-WASp [1, 4] , as well as proteins that regulate matrix degradation, such as MT1-MMP [2, 5, 6] . Actin polymerization is essential for maturation of invadopodia [6] .
In mammary carcinoma cells, the cofilin pathway is an essential generator of free barbed ends both at the leading edge [7] and at invadopodia [6] . Cofilin pathway activity is essential for tumor cell invasion, migration, and metastasis [8, 9] . Cofilin is phosphorylated at serine 3 by LIM-and TESfamily kinases, which inhibits its ability to bind F-actin, thereby inactivating it [10] . The Rho family of small GTPases has been shown to activate Rho-associated coiled-coil kinase (ROCK), leading to the phosphorylation and activation of LIM kinase (LIMK) [11] .
During tumor cell migration, pathways that control cofilin activity must be spatially and temporally coordinated to create areas of high cofilin activity in specific subcellular compartments [12, 13] . However, the mechanism that controls the local activation of cofilin at invadopodia remains unclear.
Another major regulator of tumor cell migration and invasion are Rho GTPases [14] . Rho GTPases cycle between two states: (1) GDP-bound inactive state and (2) a GTP-bound active state that can bind and activate downstream effectors. These states are controlled by guanine nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs). How RhoGTPase activation is spatially regulated by GEFs and GAPs is not well documented. Different GEFs and GAPs have been shown to influence the activities of many GTPases [15, 16] . Understanding how GTPase activities are controlled at specific subcellular compartments is crucial to elucidating how each GTPase is involved in different cellular processes.
The Rho subfamily of GTPases consists of three isoforms: RhoA, RhoB, and RhoC [17] . In particular, RhoC plays a critical role during tumor metastasis [18] and has been identified as a biomarker used for invasive breast cancer in human patients [19] . RhoC expression has been positively correlated with increased invasion and motility in vitro and in vivo [20] , and RhoC knockdowns have been effective in suppressing breast cancer proliferation and metastasis [21, 22] . Recently, expression profiling of human mammary tumors has shown that RhoC mRNA is highly upregulated in invasive tumor cells compared to average primary tumor cells of the same tumor (A. Patsialou, personal communication). Although this evidence points to RhoC as a master regulator of tumor cell invasion, the mechanism by which RhoC promotes metastasis is unknown.
The development of fluorescence resonance energy transfer (FRET)-based biosensors for Rho GTPases [23] has allowed the study of Rho GTPase activation in cells with high spatiotemporal resolution. Here we have utilized a new biosensor for RhoC (L.H., unpublished data) to study RhoC spatiotemporal activation during invadopodium formation in mammary tumor cells. We describe how this activation is controlled by spatially distinct regulatory elements consisting of p190RhoGEF and p190RhoGAP, both contributing to spatially restrict the RhoC activity to areas surrounding invadopodia. We further demonstrate that activation of RhoC is important for focused cofilin activity and actin polymerization during invadopodial protrusion, contributing to efficient tumor cell invasion. Together, our data identify RhoC, tightly regulated by p190RhoGEF and p190RhoGAP, as a key GTPase in invadopodium formation and provide new insights into how actin polymerization is controlled within the invadopodium.
Results

RhoC Is Important for Tumor Cell Invasion and Invadopodial Protrusion
To investigate the role of RhoC in invasion, we performed an in vitro Matrigel-coated Transwell assay using MTLn3 cells, a highly metastatic rat mammary adenocarcinoma cell line. RhoC expression was knocked down by small interfering RNA (siRNA) treatment with 95% efficiency without affecting RhoA, Rac, and Cdc42 expression (see Figure S1 available online). We found that RhoC siRNA cells showed significantly decreased invasion ( Figure 1A) .
Because invadopodia are involved in matrix degradation and invasion, we sought to determine whether RhoC affects invasion by regulating invadopodia in MTLn3 cells, characterized for the formation of prominent invadopodia, rich in actin filaments, at the ventral cell membrane [1] . We quantified invadopodial protrusion depths by confocal microscopy in control and RhoC siRNA cells invading through the Matrigel-coated Transwell filters (1 mm pore size). Under these assay conditions, cells protrude through the 1 mm pores via invadopodia that were identified by the presence of cortactin and F-actin ( Figure 1C and Figure S2A ). RhoC-depleted cells clearly showed a significant decrease in invadopodial protrusion length compared to the control cells ( Figures 1B and 1C and Figure S2A ). Taken together, these results suggest that RhoC is critical for the formation of longer and more invasive invadopodia during tumor cell invasion.
RhoC Spatially Confines Invadopodium Formation and Function
Because an important function of invadopodia is matrix degradation, we studied whether depletion of RhoC affects this process. RhoC siRNA MTLn3 cells were plated on Alexa 488-gelatin matrix and assayed for matrix degradation ( Figure 1D) . Surprisingly, in RhoC siRNA cells, invadopodia degraded more matrix area overall and per invadopodium compared to control cells ( Figures 1E and 1F ). This effect was not due to an increase in invadopodium formation, because the number of invadopodia per cell was unaffected ( Figure 1G ). Similar results were observed when cells were plated on a fibronectin (FN)/gelatin matrix ( Figures S2C-S2E) . Furthermore, the enhanced matrix degradation observed in RhoC siRNA cells was not due to increased MT1-MMP levels ( Figures S2F and S2G ).
To determine whether the effect observed on matrix degradation after RhoC depletion was specific to RhoC as compared to other members of the family, we also investigated the role of RhoA, which has been shown to be important for invadopodial function [5, 24] . RhoA depletion by siRNA ( Figure S3A ) dramatically decreased matrix degradation by invadopodia, as well as the number of invadopodia per cell ( Figures S3C-S3F ), in agreement with a previously described result [5] .
To reconcile increased matrix degradation and decreased invasion after RhoC knockdown, we analyzed the ultrastructure of invadopodia in RhoC siRNA cells. Surprisingly, we found that invadopodia that formed in RhoC siRNA cells were unable to protrude deeply into the FN/gelatin matrix, whereas control cells form invadopodia that penetrate into the matrix ( Figure 1H and Figure S2B ). Furthermore, RhoC siRNA cells formed abnormal branched invadopodia rather than an unbranched focal invadopodium ( Figures 1H and 1I and Figure S2B ). Because changes in extracellular matrix rigidity have been shown to affect invadopodia activity [25] , we plated RhoC siRNA cells on Matrigel, a softer matrix, and obtained the same branched invadopodial phenotype (Figure S2B) , suggesting that the abnormal morphology of RhoC siRNA invadopodia are independent of matrix rigidity.
These results clearly show that although invadopodia formed in RhoC-depleted cells are functional in terms of the matrix degradation activity, the morphological defects observed by both light and electron microscopy analysis demonstrate an inability to protrude and focus matrix degradation in RhoC-depleted cells, resulting in only superficial degradation of matrix. In contrast, control cells both penetrate and degrade the matrix, resulting in increased cell invasion.
High Levels of RhoC Activity Surround the Cortactin Core of Invadopodia
Spatiotemporal regulation of RhoGTPase activities is necessary to trigger signaling pathways that control various cellular processes, including cell invasion. To determine the spatiotemporal localization of RhoC GTPase activity during invadopodium formation, we imaged cells expressing the FRET-based biosensor for RhoC (L.H., unpublished data). Expression of the RhoC biosensor in MTLn3 cells under a Tet-off inducible system ( Figure S4A ) does not affect matrix degradation activity by invadopodia or the number of invadopodia formed ( Figures S4B-S4D) .
Interestingly, we found that although RhoC activity is primarily excluded from the invadopodium core, it is elevated in the areas surrounding invadopodia (Figures 2A and 2B ). Analysis of RhoC activity levels inside the invadopodium core (identified by cortactin staining) to the average in a 3 mm wide circular band outside the cortactin core showed a 30% increase in RhoC activity (comparing the outside to the inside of an invadopodium) ( Figure 2C ). RhoC activity also surrounded invadopodia undergoing active matrix degradation ( Figure 2H ). This suggests that this spatiotemporal activation of RhoC may be necessary to regulate invadopodium formation and function.
Using MTLn3 cells coexpressing a RhoC biosensor together with TagRFP-cortactin to identify invadopodia, we visualized the RhoC activity patterns during the formation of invadopodia ( Figures 2D and 2E ). EGF stimulation induces the formation of nascent invadopodium precursors that mature into invadopodia [6] . Surprisingly, during invadopodium assembly in response to EGF, transient activation of RhoC was observed surrounding, but not inside of, the invadopodium (Figures 2D-2G ; Movie S1). Mutant versions of the RhoC biosensor (RhoC-PBD, RhoCF39A, RhoCQ63L, and RhoCG14V; see Experimental Procedures for detailed description) showed no measurable increase of RhoC activity surrounding the invadopodium over the background values, confirming the specificity of the biosensor to report RhoC activity at invadopodia ( Figures S4E-S4I , Movie S3, and Movie S4).
To determine whether this Rho GTPase activity pattern is specific to RhoC as compared to other members of the family, we investigated the spatiotemporal patterns of RhoA activation during invadopodium formation using the RhoA biosensor [26] . In contrast to the spatiotemporal localization of RhoC activity, RhoA activity showed no defined patterns of activity during invadopodium formation, essentially remaining as random fluctuations both inside and surrounding the invadopodial structures ( Figures S3G-S3K , Movie S2).
p190RhoGAP Decreases Levels of RhoC Activation in the Invadopodium Core We sought to determine which factors regulate the spatiotemporal dynamics of RhoC activation at invadopodia. p190RhoGAP has been previously shown to localize to invadopodia [27] , but its role in regulating GTPase activity at this actin compartment is unknown. In MTLn3 cells, p190RhoGAP staining was clearly concentrated at invadopodia, identified by cortactin or Tks5 staining ( Figure 3A) . To investigate the contribution of p190RhoGAP to the regulation of RhoC activation, we knocked down p190RhoGAP by siRNA in MTLn3 cells expressing the RhoC biosensor ( Figure 3B ). RhoC activity levels were increased in p190RhoGAP siRNA cells ( Figure 3C ). Specifically in invadopodia, the spatial distribution of RhoC activity was lost, and RhoC activity levels increased inside the cortactin invadopodium core in p190RhoGAP siRNA cells as compared to control siRNA cells ( Figures 3D-3F ). These data demonstrate that p190RhoGAP localization at the invadopodium core serves to keep RhoC inactivated within the core of the structure.
p190RhoGEF Activity Is Necessary to Activate RhoC in Areas Surrounding Invadopodia RhoGTPases are held in balance by the opposing action of GEFs that activate them and GAPs that inactivate them. Therefore, we hypothesized that a GEF could also play a role in this spatial regulation of RhoC activity by activating it around the invadopodium core. p190RhoGEF is a ubiquitously expressed Rho-specific GEF that has been shown to interact with the 14-3-3 family of proteins [28] . This family of proteins binds pCofilinS3, preventing cofilin dephosphorylation [29] . Because both the 14-3-3 epsilon isoform and cofilin have been shown to localize to invadopodia [1, 30] , we hypothesized that p190RhoGEF could regulate RhoC activation at invadopodia. We found that p190RhoGEF-GFP was enriched in areas around invadopodia ( Figure 4A ), as identified by cortactin or Tks5 staining, and was completely excluded from the invadopodium core in a manner similar to the localization of RhoC activity ( Figure 4D ). To study the contribution of p190RhoGEF activity to RhoC activation, we generated a catalytically inactive mutant (p190RhoGEF-Y1003A mutant) [31] that is nucleotide exchange deficient, thus acting in a dominant-negative-like manner [32, 33] . Overexpression of p190RhoGEF-Y1003A-RFP in MTLn3 cells expressing the RhoC biosensor failed to activate RhoC ( Figure 4B ). At invadopodia, expression of p190RhoGEFY1003A-RFP showed a significant decrease of RhoC activity levels outside invadopodia compared to control cells ( Figures 4C, 4E, and 4F) . These results show for the first time the involvement of p190RhoGEF in the regulation of the spatiotemporal activation dynamics of RhoC at invadopodia.
RhoC Regulates Cofilin
Phosphorylation at Serine 3 in a ROCK-Dependent Manner Actin dynamics play an important role during invadopodium formation and function. One of the best-characterized effectors of Rho family GTPases that influence actin cytoskeleton dynamics is ROCK [17] . Activation of ROCK by RhoGTPases triggers cofilin phosphorylation through LIMK. Cofilin is essential for invadopodium maturation and is upregulated in invasive tumor cells [1, 34] . However, it is not yet known which Rho isoform regulates cofilin phosphorylation in tumor cells. Because precise regulatory control of the cofilin activity cycle is crucial in maintaining cell motility and invasive behavior [4] , we examined how RhoC influences cofilin phosphorylation at invadopodia ( Figure 5A ). First, we investigated the effect of RhoC depletion on the spatial distribution of pCofilinS3 at invadopodia. To address this, we performed immunofluorescence studies in MTLn3 cells transfected with control or RhoC siRNA and costained with antibodies against cofilin and pCofilinS3 [12] . pCofilinS3 is concentrated outside the cortactin-containing invadopodium, whereas cofilin is enriched inside (Figures 5B, 5D , and 5E). RhoC siRNA cells showed a significant decrease in pCofilinS3 fluorescence intensity levels outside the invadopodium ( Figure 5C ). In control cells, pCofilinS3 is less concentrated inside the invadopodium ( Figure 5E ). In contrast, the spatial distribution of pCofilinS3 was more uniform across invadopodia in RhoC siRNA cells (Figures 5F and 5G) . These results suggest that the spatial distribution of pCofilinS3 in invadopodia is controlled by RhoC.
Upon EGF stimulation of MTLn3 cells, pCofilinS3 levels increase by approximately 2-fold [12] . In contrast to control cells, RhoC siRNA cells showed no significant increase in pCofilinS3 following EGF stimulation ( Figures 6A and 6B) . Interestingly, siRNA depletion of RhoA did not inhibit pCofilinS3 levels in response to EGF (Figure S3B ), indicating that in MTLn3 cells, RhoC, but not RhoA, regulates the levels of pCofilinS3.
MTLn3 cells depleted of cofilin exhibited an elongated morphology [35] . Because RhoC controls cofilin phosphorylation, we hypothesize that a constitutively activated mutant of RhoC would mimic the cofilin knockdown phenotype. Indeed, cells that overexpressed the constitutively activated mutant RhoC-Q63L-RFP showed an elongated phenotype compared to control cells ( Figures S5A and S5B) .
Based on these observations, we hypothesized that RhoC could regulate cofilin activity through its known effector, ROCK ( Figure 5A ). To test this hypothesis, we first measured the pCofilinS3 levels in cells overexpressing RhoC-Q63L. Cells that overexpressed RhoC-Q63L showed a greater than 2-fold increase in pCofilinS3 ( Figures  6C and 6D ) compared to control cells transfected with RFP alone. This increase in pCofilinS3 is ROCK dependent because incubation with the ROCK inhibitors H-1152 (5 mM; Figures 6C and 6D ) and Y-27632 (10 mM; Figures S6A and S6B ) abrogated the increase in cofilin phosphorylation.
To test the involvement of LIMK activity in pCofilinS3 regulation, we knocked down LIMK1 and LIMK2 and measured the change in pCofilinS3 levels. The double knockdown of LIMK1 and LIMK2 dramatically reduced pCofilinS3 levels ( Figures S6E-S6J ). Based on our results, we propose that ROCK can phosphorylate LIMK to inactivate cofilin and that this pathway is controlled by RhoC.
RhoC Regulates Cofilin-Dependent Formation of Free Barbed Ends at Invadopodia EGF stimulation of MTLn3 cells increases the number of cofilin-dependent actin barbed ends at invadopodium precursors [6] . We hypothesized that the regulation of pCofilinS3 by RhoC at invadopodia may affect the number of actin barbed ends at this structure. Indeed, RhoC siRNA cells showed an increase in the number of actin barbed ends upon EGF stimulation over control ( Figures 7A and 7B) , prolonging the actin barbed-end persistence even at 5 min following EGF stimulation, a time when actin barbed-end activity in control cells has been switched off ( Figure 7B ). Furthermore, cofilin is the primary isoform involved in barbed-end generation at invadopodia, because siRNA depletion of ADF ( Figure S7D ; the other cofilin isoform expressed in MTLn3 cells) did not affect barbed-end formation at invadopodia ( Figure S7E ). Based on the RhoCdependent change in pCofilinS3 levels, we hypothesized that the prolonged barbed-end response observed in RhoC siRNA cells was due to an inability to inactivate cofilin-severing activity at invadopodia. Knockdown of cofilin (without affecting the levels of ADF; Figures S7A-S7C) and RhoC (Figure 7C ) resulted in a decrease in the relative number of barbed ends compared to RhoC knockdown only ( Figure 7B ). These results indicate that the barbed ends induced by RhoC knockdown are cofilin dependent.
Similar to RhoC depletion, ROCK inhibition or knockdown of LIMK1 and LIMK2 increases the number of barbed ends at invadopodia ( Figures S6C, S6D , and S6K), suggesting that regulation of cofilin phosphorylation by RhoC activation of the ROCK/LIMK pathway is important in regulating the generation of cofilin-dependent barbed ends at invadopodia.
Discussion
Based on our results, we propose a new model to explain the spatial restriction of cofilin activity in invadopodia ( Figure 7D ). In this model, the spatiotemporal dynamics of activated RhoC form an activity barrier surrounding the invadopodium. This RhoC activation leads to cofilin phosphorylation, thereby restricting the cofilin activity to the F-actin-rich core of invadopodia. This focuses cofilin's severing activity to invadopodium core to create free barbed ends for actin polymerization and filament turnover, which are required for the generation of protrusive force. Cells that cannot focus their cofilin activity would show defects in actin polymerization within the invadopodium core, leading to abnormal branched invadopodia capable of only superficial degradation of matrix and incapable of penetrating the matrix to greater depths. The localization of RhoC activity surrounding the invadopodium core is achieved by activation of p190RhoGEF outside invadopodia and p190RhoGAP inside invadopodia. This balance of GEF and GAP localization results in the restriction of RhoC activity to areas surrounding the invadopodium and in its exclusion from the core of the invadopodium.
It has been shown previously that cofilin severing activity is essential for the generation of barbed ends in invadopodia [4, 6 ]. Here we demonstrate that breast tumor cells spatially restrict RhoC activity to increase cofilin phosphorylation and cofilin inactivation in areas surrounding invadopodia. This novel finding could provide a mechanism for how tumor cells focus long protrusions with efficient matrix degradation during invasion by spatially focusing cofilin activity within invadopodia.
Regulation of RhoC Activity at Invadopodia
In response to chemotactic signals, GTPases can be activated in multiple compartments simultaneously. The spatiotemporal regulation of these activities is essential for conveying specificity to these signals. There is mounting evidence that the spatiotemporal control of these signals is achieved by specific GEFs and GAPs at specific locations within the cell. Little is known about GEFs and GAPs at invadopodia, and only two GEFs have been shown to be important for invadopodial function: Fgd1, a Cdc42-specific GEF [36] , and fabrin, a Rac/Cdc42 GEF [37] . As for GAPs, only p190RhoGAP has been localized to invadopodia and has been shown to be important for the matrix degradation activity by invadopodia [27] .
In this study, we provide evidence that the confinement of RhoC activation to areas surrounding the invadopodia is achieved by spatially distinct regulatory elements. These spatially distinct regulatory elements consist of p190RhoGEF, localized outside invadopodia, and p190RhoGAP, localized within the core of the structure. Furthermore, we hypothesize that the localization of the preactivated pool of p190RhoGEF to areas surrounding the invadopodium core directly activates RhoC upon RhoC delivery to this location during invadopodium formation. Activation of p190RhoGAP inside and p190RhoGEF outside of the invadopodium will constrict the RhoC activation to within a specific area surrounding the core.
Understanding which GEFs and GAPs are upregulated or downregulated in invasive tumor cells and how these alterations affect GTPase activation in specific subcellular compartments will yield clues on how spatiotemporal GTPase signaling contributes to the invasiveness of tumor cells.
RhoC and RhoA Have Different Roles in Invadopodium Function
Although RhoC and RhoA are both members of the Rho family of GTPases, they seem to play distinct roles during invadopodium function. As previously described, RhoA regulates matrix degradation through a mechanism that involves delivery of MT1-MMP to the invadopodia [5] . In support of this observation, we found that depletion of RhoA in MTLn3 cells blocks matrix degradation.
ROCK has also been shown to have a higher affinity for RhoC than for RhoA or RhoB [17] , and RhoC appears to have a stronger ability to activate ROCK in epithelial cells [38] . These studies and our results suggest that RhoC regulates ROCK/ LIMK and that this regulation is the predominant pathway that controls cofilin phosphorylation.
Regulation of Cofilin Activity at Invadopodia by RhoC
In mammary tumors, the expression of genes involved in the cofilin pathway shows alterations in the invasive tumor cell population, implicating an increase in the output of the cofilin pathway as an important determinant of tumor cell invasion and metastasis [39, 40] . Regulation of cofilin activity is critical for chemotaxis, invasion, and metastasis of mammary tumor cells [8, 9, 34] . ADF, a cofilin isoform, does not appear to significantly contribute to protrusion at the leading edge [7, 35] or to actin dynamics at invadopodia in MTLn3 cells (Figure S7E) . Cofilin activity is predominant in these processes, because ADF cannot compensate for the loss of cofilin activity [6, 35] . As an extension to our model, we speculate that RhoC may regulate membrane protrusions at the leading edge via the spatial confinement of cofilin activity to enhance the local excitation global inhibition (LEGI) response [13, 34] in a manner analogous to what we have described here for invadopodia.
This work demonstrates that RhoC enhances pCofilinS3 levels outside invadopodia. pCofilinS3 has been shown to activate phospholipase D1 and to generate phosphatidic acid at the plasma membrane that can activate the DOCK family of proteins [41] . This suggests that pCofilinS3 could contribute to the activation of p190RhoGEF, resulting in a feedforward activation cycle of RhoC.
The pathway described here ( Figure 5A ) predicts that inhibition of any of the components of the RhoC/ROCK/LIMK pathway will unbalance the cofilin activity cycle at invadopodia, affecting tumor cell invasion. Indeed, ROCK inhibition decreases invasion and motility in vivo of invasive tumor cells [42] , and LIMK inhibition in tumor cells correlates with reduced invasion of human breast cancer MDA-MB-231 cells by affecting the formation of invadopodia [9] .
In summary, our results show that the spatiotemporally restricted regulation of RhoC activity at invadopodia is necessary to balance the activation status of cofilin and ultimately control tumor cell invasion. We hypothesize that perturbation of the upstream regulators of RhoC activity at invadopodia, such as p190RhoGAP and p190RhoGEF, will also affect invasion of tumor cells. This study identifies new players in the regulation of the cofilin regulatory cycle that can potentially provide therapeutic drug targets to block tumor metastasis.
Experimental Procedures
Details of the invadopodium degradation assay, invasion assay, invadopodium protrusion assay, barbed end assay, inmunofluorescence, electron microscopy, fluorescence imaging, and imaging analysis, as well as all the reagents used in this study, can be found in the Supplemental Experimental Procedures.
Cell Culture and DNA Transfection
For all experiments, MTLn3 cells, derived from 13762NF rat mammary adenocarcinoma, were cultured in a-MEM supplemented with 5% fetal bovine serum plus antibiotics and starved and stimulated with EGF as described previously [7] . For transient expression experiments, MTLn3 cells were transfected with Lipofectamine (Invitrogen) 24 hr before each experiment. MTLn3 cell lines stably expressing RhoC, RhoC-PBD, RhoC-F39A, or RhoA biosensor (L.H., unpublished data and [26] ) were cultured in the presence of doxycyclin (1 mg/ml). Doxycyclin was removed 72 hr prior to the experiment in order to induce the biosensor expression that is under the control of the Tet-off system (Clontech).
Biosensor Imaging Activation levels of RhoA or RhoC were measured in living cells by monitoring the ratio of Citrine-YFP FRET over the donor ECFP intensities for the RhoA biosensor [26] and the ratio of Venus FRET over the donor Cerulean intensities for the RhoC biosensor.
Details of the biosensor imaging analysis can be found in the Supplemental Experimental Procedures.
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